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A chemically initiated adaptation of the classic [Ru(bipy)3]
2+/
oxalate electrochemiluminescence coreactant system has revealed
the elusive radical intermediates of the light-producing pathway.
Oxalyl (HC2O4
) and hydroxyformyl (HCO2) radicals have
been captured on a quartz surface and characterised using EPR
spectroscopy.
The light producing reaction between electrochemically
generated tris(2,20-bipyridyl)ruthenium(III) ([Ru(bipy)3]
3+)
and oxalate was the first example of coreactant electrochemi-
luminescence (ECL)1 and is now considered a classic system;
so much so that the postulated reaction mechanism (Scheme 1)
appears in many standard text books and reviews concerned
with this phenomenon.2
In the pioneering work of Bard’s group1 it was stated that
the oxalyl and carbon dioxide radical anions (C2O4
 and
CO2
) purported to command the excitation pathway were
too short-lived to be detected electrochemically and in the
thirty years that has passed since the publication of their well-
known series of papers, there has been no spectroscopic
evidence for the involvement of these intermediates in light
production. We sought to directly interrogate this widely
accepted mechanism by monitoring the reaction in real time
using electron paramagnetic resonance (EPR) and chemilumi-
nescence spectroscopies. To do so, [Ru(bipy)3]
3+ (1 mM) was
generated chemically from its bivalent precursor using PbO2
(0.4 g L1) such that the resulting solution was the distinctive
emerald green color.3 Using a continuous flow assembly
(see ESIw) equipped with a filter to remove any excess PbO2,
we mixed the [Ru(bipy)3]
3+ reagent with a solution containing
oxalate (1 mM; combined flow rate: 6 mL min1) immediately
prior to entering the microwave cavity of the X-band EPR
spectrometer where EPR spectra were recorded (see ESIw). To
enable generation of [Ru(bipy)3]
3+ and maintain its stability
for the course of the experiments, the solution containing
the reagent was moderately acidic (0.02 M H2SO4). This is
important because, as noted by Bard et al.,1 the oxalyl and its
subsequent carboxyl radical would be protonated under these
conditions such that the reducing intermediate responsible
for excitation would be a hydroxyformyl radical (HCO2
).
This species has evaded characterisation by EPR despite its
importance in the combustion and atmospheric chemistry
fields.4 The C2O4
/HC2O4 precursor is expected to be an
O-centered semidione-type radical1a that yields the C-centered
CO2
/HCO2 radical after decarboxylation (DGfrag
0 =
0.61 eV).5 A typical experimental spectrum obtained after
extensive signal averaging (698 scans) is shown in Fig. 1a
(modulation amplitude = 0.2 G). Upon cessation of pumping,
the radical intermediate was no-longer detectable by EPR,
confirming its transient nature and production via the reaction
between [Ru(bipy)3]
3+ and oxalate.
Although observation of an asymmetric doublet with a large
proton hyperfine coupling (vide infra) is initially surprising in the
experimental spectrum collected at room temperature (Fig. 1a,
T B 300 K); computer simulation6a of Fig. 1a with a rhombic
S = 1/2 spin Hamiltonian (eqn (1)) and the spin Hamiltonian
parameters (Table 1) yields the red spectrum shown in Fig. 1a,
which is in excellent agreement with the experimental spectrum.
H ¼
X
x;y;z
bB  g  Sþ S A  I½H  gB  I½H ð1Þ
Resolution of the principle components of the g and A matrices
in an aqueous medium, where tumbling should be rapid relative
to the EPR timescale, is consistent with the cumulative adsorption
of a radical species to surface imperfections in the quartz
Scheme 1 Generalised mechanism for the [Ru(bipy)3]
3+ and oxalate
coreactant ECL and chemiluminescence systems.
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flow-cell wall, prolonging the transient’s lifetime and giving
rise to an anisotropic EPR spectrum at room temperature.
Despite this, assigning the anisotropic spectrum to a feasible
intermediate within the established stoichiometry of the title
reaction (Scheme 1) is non-trivial, so we begin our assignment
by eliminating plausible candidates. We could immediately
discount that the observed resonances (Fig. 1a) were due to the
O-centered1a C2O4
/HC2O4 radical prior to decarboxylation,
because these p-type radicals appear at higher g-values
(for structurally related semidiones and semiquinones giso =
2.0046–2.0052).7 Excluding an O-centred species, we note that
Dg o 0 for the C-centred intermediate (Dg = giso  ge =
0.0047), which is typical of s-type radicals7 where the
unpaired electron induces a bent structure and admixture of
the spin bearing 2pz with the 2s carbon orbital. This is typical
of acyl radicals8 and their a-substituted derivatives where the
SOMO lies in the nodal plane of the CQO fragment which, for
the current system, directs us to an adsorbed variety of the
CO2
 conjugate acid (HCO2). Although the subject of
conjecture,9 the pKa of the CO2
/HCO2 couple has now
been established9b via pulse radiolysis as pKa:(CO2
/HCO2)
= 2.3 which supports our assignment of HCO2
 at 1.9 o pH
o 2.4 (measured before and after merging of reagents). The
adsorption of CO2
 to a diverse range of species including
quartz has been studied by EPR for more than forty years,
where the C2v symmetric intermediate gives rise to a rhombic g
matrix10 (gx a gy a gz) with giso B 2.0006. The Cs point
group of the energetically favoured9a anti-periplanar HCO2

isomer (Chart 1: DEanti/syn = 2.2 kcal mol
1) predicts
monoclinic symmetry. Rhombic g and A(1H) matrices were
indeed found through computer simulation, although the
relatively large linewidths (DB> = 3.5 G 4 D(gx  gy))
prevented accurate determination of the Euler angle between
the principal components (x, z) of g and A(1H).
The surface adsorbed HCO2
 captured here at pH o
pKa:(CO2
/HCO2) displays large proton (I= 1/2) hyperfine
coupling to a b-proton (Table 1), the magnitude of
which warrants discussion, with such large couplings usually
reserved for the simplest acyl radical, HCO (Table 1),11 and
H-compensated Group (IV) defects in quartz and glasses
subjected to ionising radiation12 (e.g.HGeO2; Table 1)
13 These
intermediates give EPR spectra with similar lineshapes to
Fig. 1, but their involvement here is doubtful after comparison
of the g and A(1H) values, the reaction chemistry of Scheme 1
and, specifically for HGeO2, the fact that our observation was
inextricably linked to the presence of [Ru(bipy)3]
3+ and
oxalate in a flowing regime i.e. cannot be related to a Ge
quartz defect. Therefore, we rationalise our findings in terms
of the geometry of the adsorbed HCO2
. The energetically
preferred9a anti-periplanar isomer of HCO2
 (Chart 1a) is
expected to provide substantial overlap between the 2pz
SOMO and the 1s H orbital resulting in significant spin
density on the coupled b-proton. The coordination mode of
HCO2
 to the quartz cell surface would have implications for
the observed A(1Hb) values, and we envisage binding by the
unprotonated oxygen, occasioning increased bond order and a
positive charge on the remaining a-oxygen (–O–CQO+–H;
Chart 1c). This would effect greater SOMO/b-proton overlap
and explain the large A(1Hb) observed experimentally (Fig. 1).
In an X and Q-band EPR study by MCR Symons,14a
the author describes a persistent radical (aptly named the
‘‘120 Gauss radical’’) that is stable in biological tissues and
mitochondrial DNA at room temperature. Its EPR spectrum
shows an identical lineshape and after spectral digitisation
and simulation6a (Fig. 1b, ESIw), exhibits similar g and A
Fig. 1 EPR spectra of the hydroxyformyl radical intermediate
(HCO2
). (a) Black trace: experimental spectrum (n = 9.75443 GHz,
modulation amplitude = 0.2 G, microwave power = 12.31 mW, 698
scans) for the reaction between [Ru(bipy)3]
3+ (1 mM, 0.02 M H2SO4)
and oxalate (1 mM); (b) Black trace: digitised experimental EPR
spectrum of the "120 G" radical taken from ref. 14a (see ESIw). Red
traces: Computer simulations6 (details in text) of the (a) HCO2

intermediate and (b) "120 G" radical. Linewidth parameters (a: sRi =
1.92, 3.88, 2.77  104 cm1; sgi/gi = 0.0, 0.0, 0.0002; b: sRi = 1.87,
3.33, 2.67  104 cm1; sgi/gi = 0.0003, 0.0, 0.0003; x, y, z).6a
Table 1 EPR parameters for the HCO2
 radical (Fig. 1) and those
known to give similarly large A(1H) couplings and lineshapes
Species gx gy gz Ax
a Ay
a Az
a
HCO2
b 2.0001 1.9997 1.9931 113.2 106.7 112.5
‘‘120 G’’c 2.0045 2.0045 1.9960 112 112 111
‘‘120 G’’d 2.0005 2.0001 1.9934 112.8 105.5 110.8
HGeO2
e 1.9987 1.9987 2.0060 111.73 111.73 127.84
HCOf 2.0032 2.0024 1.9947 121.3 123.7 129.6
a Units: 104 cm1 (unit conversions made using the Molecular Sophe
calculator).6b Conditions: b aqueous solution (1.9 o pH o 2.4) at
T = 300 K (this work), c biological tissue samples14 at 77 K o T o
300 K, d computer simulation of the digitised spectrum from ref. 14a
(see ESIw), e in g-irradiated boro-germanate glasses at room temperature;13
the same species has been obseved at 77 K in X-irradiated, Ge containing
vitreous silica12 but principal components of g and A were not reported,
and f in X or g-irradiated a-SiO2 where 30 Ko T o 300 K.11
Chart 1 Configuration of possible radical intermediates.9a
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anisotropy (Table 1) to that found for the HCO2
 radical
(Fig. 1a). The ‘‘120 Gauss’’ species was reported to partially or
fully collapse to a singlet resonance depending on the sample
(Fig. 1b exemplifies the former) indicating the proton responsible
for hyperfine splitting is exchangeable and this observation
precludes involvement of a C-(1Ha) species, thereby establishing
precedence for the large A(1Hb) couplings observed in our
experiments. In light of the striking spectral similarities
(Fig. 1) and the known occurence of CO2
/HCO2 and their
substituted derivates in a variety of biological matrices,15 we
confidently assert that Symons, who postulated two contrasting
species,14 actually observed an adsorbed or occluded variety of
HCO2
 similar to Chart 1c.z The minor differences in g and A
matrices between the two species is likely a consequence of
errors associated with the lack of calibration of the microwave
frequency and magnetic field in the measurement of the EPR
spectrum of the (‘‘120 G’’) radical species (see ESIw).14
Next we turned our attention to the C2O4
/HC2O4 pre-
cursor of the now characterised HCO2
 species (Scheme 1).
Employing a faster flow rate (8 mL min1), wider sweep width
and greater modulation amplitude (2 G), we observed a weak
resonance attributable to an S=1/2 paramagnetic intermediate
downfield from HCO2
 (giso = 2.0478; Fig. S3w). Our attempts
to resolve hyperfine couplings at lower modulation amplitudes
were unsuccessful, but based on the g-values of adsorbed
O-centred intermediates,16 and consideration of the species
capable of generating HCO2
, we ascribe this transient as an
adsorbed variety of HC2O4
 (HC2O4 has been reported
17 to
appear at g = 2.0045). In an attempt to enhance sensitivity
and observe ‘‘free’’ HC2O4
/HCO2, anisotropic EPR spectra
of freeze quenched solutions were measured (150 K, Fig. S1w),
but in all instances the only resonances observed were those
attributable to [Ru(bipy)3]
3+. This is not surprising given the
short lifetimes5a and lower steady-state concentrations expected
for these ephemeral intermediates and this validates our in situ
approach for accumulating these species.
Having confirmed the appearance of HCO2
 during the
redox reaction between [Ru(bipy)3]
3+ and oxalate under
acidic conditions, we sought to verify that its generation
occurs in conjunction with light production. To this end, a
similar experimental protocol was adopted whereby the
[Ru(bipy)3]
3+ and oxalate reagents were merged at identical
flow rates immediately before entering a serpentine flow cell18
that was mounted flush against a photomultiplier tube in a
light tight box. An intense emission was observed (Fig. S3w)
which rapidly decayed to baseline upon cessation of pumping.
We have used continuous flow EPR spectroscopy to char-
acterise the hitherto elusive HCO2
 radical (Fig. 1) formed via
unimolecular decarboxylation of the radical oxalyl precursor
(Fig. S3w) under steady state conditions. The anisotropic
EPR spectrum of the radical indicated that it was adsorbed
to the quartz AquaX cell. HCO2
 was found to appear
simultaneously to the production of intense light from the
classic [Ru(bipy)3]
3+/oxalate reaction (Fig. S2w), providing
the first direct spectroscopic evidence for its role as a source
of chemical excitation.
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